Transportation systems provide vital services to cities. In disasters, whether natural or human induced, transportation disruption is often one of the most important sources of social and economic loss. The extent of transportation damage and the speed of its restoration are thus critical determinants of how quickly a disaster-stricken urban area can recover. Few methods exist, however, that integrate transportation analysis with societal impacts in the disaster context. In part as a result, decisions about predisaster mitigation and postdisaster restoration of transportation infrastructure are typically made on a technical or engineering basis. In this paper I develop an alternative approach that is based on social criteria, placing at the center of decisionmaking the question of how well the transportation system is serving the regional population. Performance is measured in terms of transportation accessibility, and particular consideration is given to disparities in accessibility across the urban area.
2 Measuring transportation system performance Earthquakes and other disasters have repeatedly demonstrated not only the vulnerability of urban transportation systems but also their vital role in urban functions. In the 1994 Northridge earthquake that struck Los Angeles, for instance, four freeway routes were closed as a result of bridge failures. Wesemann et al (1996) quantified the travel delay costs from these four closures at US$1.6 million per day. Gordon et al (1998) estimated that of the US$6.5 billion total loss in regional economic activity caused by the earthquake, some US$1.5 billion could be attributed to transportation disruption alone.
As with other urban lifelines such as electric power or water, because a transportation system is more than the sum of its parts, disaster planning must take a systems perspective. Traditionally, most systems-based studies have approached transportation performance from an engineering perspective such as network connectivity (Baso« z and Kiremidjian, 1995) , traffic flow and network reliability (Wakabayashi and Kameda, 1992) , and travel time delays (Nojima and Sugito, 2000; Werner et al, 1997; . An important recent advance has been the development of integrated engineeringê conomic models. These move beyond traffic modeling to assess the implications of transportation damage in disasters for gross regional product (GRP) and other economic-efficiency-type indicators. Cho et al (2001) have integrated a highway model with an input^output type economic model for Los Angeles, and Kim et al (2002) have developed a combined transportation network and multiregional input^output model for the Midwestern USA. Such integrated approaches allow decisionmakers to explore disaster response and mitigation priorities from the perspective of minimizing potential regional economic losses.
Minimization of economic loss is not, however, the only relevant societal criterion in transportation planning. In this paper I explore an alternative measure of transportation performance, that of accessibility, and apply it to the disaster context. Accessibility refers to the ease with which land-use activities such as employment opportunities can be reached from a location by using a transportation system (Allen et al, 1993; Dalvi, 1978) . It thus refers to potential or latent interaction and derives from the spatial patterns of urban land use and its relationship to the transportation system (Black et al, 1982; Morris et al, 1979) . All accessibility measures share three fundamental elements: a reference location, a set of destinations, and the effect of physical separation (Kwan, 1999) .
Various approaches to the measurement of accessibility have been proposed in the literature (see Pirie, 1979) . Accessibility can be evaluated at different scales of analysis, the basic distinction being between`person accessibility', or individual-level analysis, and place accessibility', or areal analysis. Another distinction consists of topological or graph-theoretic measures based on network properties alone, as opposed to gravity or cumulative-opportunity-type measures that emphasize opportunities available within specified distances of a reference location. Some accessibility approaches utilize Euclidean or straight-line measures of distance whereas others consider network distances or travel times.
Accessibility is a particularly appropriate criterion for evaluating the distributional or equity effects of urban transportation and land-use policies and plansöincluding issues such as who gains or loses access, or how the costs and benefits of public actions are shared among groups (Hansen, 1959; Koenig, 1980) . In the analysis below, accessibility-based measures are developed and applied to two case studies. The intent is to investigate, first, the distributional impacts of transportation damage in disasters, and, second, how such distributional effects can be considered in disaster response and planning.
I use geographic information systems (GIS) in the analysis of accessibility impacts. GIS applications in the natural hazard risk management and emergency preparedness fields are growing (for example, see Briggs et al, 2002; Cova, 1999; Gatrell and Vincent, 1991) . In particular, several studies have used GIS to identify spatial patterns of community disaster vulnerability. For example, Cutter et al (2000) have conducted a GIS-based, holistic analysis of vulnerability that considers environmental and social factors, and Cova and Church (1997) have developed a method to assess neighborhood vulnerability in the context of emergency evacuations. In the current study I use GIS to assess vulnerability to transportation service loss in disasters.
3 Kobe case study
Background
On 17 January 1995 a major earthquake of magnitude 7.2 on the Japan Meteorological Association scale struck the densely urbanized Hanshin region of Japan. It caused catastrophic losses far exceeding any that have been experienced to date by an advanced urban economy. Direct damages have been estimated at roughly US$100 billion (UNCRD, 1995) . This amounts to some five times the damage sustained in the 1994 Northridge (Los Angeles) earthquake, the costliest disaster in US history.
The Great Hanshin (or Hyogoken^Nambu) earthquake inflicted particularly severe losses on Kobe, a port city of some 1.5 million people. As shown in figure 1, most of Kobe's population lives along a narrow strip of land roughly 3 km wide that is sandwiched between mountains and Osaka Bay. Administratively, the City consists of nine wards. The seven coastal wards contain the older areas of the city. The central business district (CBD) is located in Chuo ward. The two interior wards, Nishi and Kita, include much mountainous terrain and a number of new town settlements. Since the 1980s, two large manmade islands have been built and include mixed development and extensive container port facilities.
The earthquake caused massive loss of human life and property. Owing to a combination of factors, including the directivity of earthquake ground motion, density of settlement, age of built environment, and spread of urban fires, substantial damage was suffered throughout the narrow population corridor seen in figure 1. In Kobe City alone, over 4500 people were killed and some 130 000 buildings were partially or completed destroyed by shaking or fire (City of Kobe, 1997) . Transportation facilities suffered particularly extensive and noteworthy damage. Railway service was not fully restored until about eight months after the earthquake. Highway and port facility repairs took even longerötwenty months and two years, respectively.
Analysis of this case study focuses on the loss of rail transportation. According to the Japanese census, rail is the dominant mode of passenger transport in Kobe, accounting for half of all the City's commuters. In figure 2 the railway system in Kobe is shown, including the time frames over which various portions of the network were restored to service after the earthquake. Thicker, darker lines indicate rail segments that took longer to restore. It can be seen that most of the railway lines did not return to service for several weeks or months. The disruption was particularly severe along the densely populated coastal corridor.
From figure 2 we can also see that the reopening of sections of the railway network occurred in an apparently haphazard rather than systematically coordinated fashion. For example, along a single rail route connecting Kobe to Osaka in the east, it was typical for a central, heavily damaged, section to be reopened much later than portions of the route to either side. This meant that to get from Kobe to Osaka travelers would have to take the train for a few stops, transfer to bus for a short distance where the train service was suspended, then join up with the train service again on the other side. Clearly, this arrangement greatly increased travel times and added to postdisaster confusion and disruption. In previous phases of this research project the implications of damage and restoration patterns for loss of rail transport accessibility were considered. The methodology and results are summarized here (details can be found in Chang and Nojima, 2001 An accessibility performance measure D was defined for each spatial unit s (here, a city ward) at time t after the earthquake as follows:
where R sY t is the transport accessibility ratio of spatial unit s at time t (1 4 R sY t 4 f ), defined below, and f is a constant. Accessibility D sY t varies from 0 in the case of complete loss of rail transport (R sY t f ), to 1 in the case of no damage (R sY t 1). The constant f is an`effective distance multiplier' that is intended to reflect the approximate increase in travel time that is necessary to traverse an area where the rail service is suspended (for example, because of the need to transfer to a substitute bus service). For the present analysis, a value of f 5X0 is assumed. However, sensitivity analysis shows that results are highly robust to the actual value of f (Chang and Nojima, 2001 ). The accessibility ratio R for a ward s at time t is defined as
where R iY t is the accessibility ratio for network node i (1 4 R iY t 4 f ), n s is the number of nodes in ward s, and N s is the set of nodes in s. The ward accessibility ratio is, in other words, simply the average of nodal accessibility ratios. This is in turn defined on the basis of minimum network distance d ijY t between all nodes i and j at time t:
Minimum distances on the intact network are indicated by a star (d Ã ij ). At time t after the disaster, minimum distances are calculated on the damaged and partially restored network. A damaged link is treated in the model by multiplying its original length by the multiplier f ; this may change the minimum distance route between some node pairs. The minimum distances are weighted by destination weights w for each node pair (w ij ). The accessibility ratio is thus the ratio of weighted postdisaster to predisaster internodal distances.
The weights indicate the importance of destination node j to travelers originating in node i and are calculated on the basis of predisaster commuter origin^destination data from the 1990 Japanese census:
where
and j w ij 1 .
Here, n r is the number of nodes in ward r, N r is the set of nodes in r, and v sr is the commuter traffic volume from subarea s (containing node i ) to subarea r (containing node j ).
In figure 3 the restoration of the rail accessibility index D over time for five of the city's nine wards is shown. As noted earlier, it took eight months for rail services to return to predisaster conditions (D 1X0). Immediately after the earthquake, numerous railway lines were closed for inspection and repairs, and rail accessibility was extremely low, ranging from roughly 0.1 to 0.3 in most areas of the city to not more than 0.5 in the least-affected ward. The easiest repairs were made soon after the earthquake, and accessibility returned swiftly throughout the city. However, spatial disparities persisted. The central and eastern coastal wards (Higashi-Nada, Chuo, and Nagata in figure 3 ) suffered more severe loss of accessibility throughout the eight months than did the western and interior wards (Tarumi and Nishi).
Methodological approach
In this paper, the preceding analysis of the Kobe case is extended by considering whether and how this loss of accessibility could have been ameliorated through transportation coordination and planning. This requires two main methodological enhancements: (1) the development of accessibility measures for smaller, more meaningful, spatial units and (2) the definition of alternative restoration strategies and evaluation of the associated accessibility loss and recovery.
With an average population of 170 000 each, the nine city wards (ku) are too large for discerning more than the most general patterns of spatial impact. Instead, in the following analysis I use`census blocks' that have been defined for statistical purposes (kokusei toukei ku). Kobe City consists of 170 of these census blocks, for which the average population is roughly 9000 persons. To measure accessibility at this spatial scale requires minor modifications to the implementation of index D described in equations (1)^(6) in section 3.1. First, the spatial unit s now refers to census blocks.
Second, the number of nodes n s and the set of nodes N s for each census block s now include not only those nodes that s contains but also selected neighboring or competing nodes in adjacent blocks. This is because commuters are likely to board their trains or subways at stations that are near their homes but not necessarily contained within their block of residence, s. Moreover, a few census blocks did not contain any railway stations or network nodes. Each census block was assigned 1 to 6 nodes within or neighboring the block. Accessibility ratio R sY t for the block was computed as the average of accessibility ratios R iY t for these nodes, as indicated in equation (2). As origin^destination data were available only at the ward level, the same node-pair weights w ij were used here as in the ward-level analysis described previously.
The second main methodological enhancement consisted of defining and exploring alternative restoration strategies. That is to say, in hindsight, could a strategic designation of restoration priorities have reduced the magnitude of and disparities in transportation losses suffered? Could this have been achieved even with the same resource constraints? What principles could have guided such a restoration strategy?
The design of example restoration strategies here was based on several considerations: route connectivity, severity of damage, and population distribution. It was assumed that it would be preferable to restore a single railway line fully than to restore several lines partially. Further, links that suffered the least damage could and should be repaired most quickly. Last, restoration should focus on areas of high concentration of population. To reflect actual resource constraints, the number of links restored in the alternatives should not exceed the number actually restored at any given point in time.
For illustrative purposes, two alternative restoration strategies (restoration strategies B and C) were defined. In figure 4 (see over) a schematic diagram of these alternatives is provided in which railway lines receiving restoration priority are indicated with thicker lines. Figure 4 can be compared with the actual restoration sequence shown in figure 2. In restoration strategy B, priority is given to restoring one complete linear connection between western Kobe, the Kobe CBD, and Osaka to the east (that is, to restoring the JR Sanyo and Tokaido lines). Note that other east^west railway lines in the urban corridor are not given this priority. Additionally, restoration strategy B places importance on restoring the connectivity of the two manmade islands to the rest of the network (that is, via the Portliner and Rokko line).
Restoration strategy C similarly emphasizes the restoration of one complete eastŵ est connection (again, the JR Sanyo and Tokaido lines). However, rather than assuring connectivity of the manmade islands, it places priority on connections from central Kobe to the mountainous interior (that is, the Kobe Electric Railway and the Kobe City subway). Thus, alternatives B and C differ from the actual restoration pattern by taking into account the functionality of the railway system as a network and thereby repositioning repair resources strategically along selected key railway lines.
Results
Accessibility outcomes for restoration strategies B and C were compared with the actual case at a time of one month after the earthquake. It is assumed that for restoration strategies B and C all the priority lines noted above were restored in the first month. In implementing the alternative restoration strategies, two additional assumptions were made to facilitate comparisons: (1) all links outside the Kobe City limits would be restored in the actual amount of time that was required following the earthquake; and (2) all links actually restored within one week would be reopened within this time frame. Assumption (2) reflects the observation that lightly damaged links could be reopened quickly, whereas heavily damaged links would require more time to repair. Thus the only differences between the actual case and alternatives B and C are in terms of the restoration priorities given to seriously damaged links within Kobe City.
The accessibility outcome results are summarized in table 1. In alternatives B and C, 53 of the links within Kobe City were reopened after one month. This is fewer than the 64 links that were actually restored in that time frame. As alternatives B and C involve some of the more heavily damaged links, the repair resources that would be required may be similar to what was actually available after the disaster. The`system minimum distance ratio' reported in table 1 serves as an aggregate indicator of system functionality. This is the post earthquake to preearthquake ratio of the sum of all node-pair minimum distances, where a ratio of 1.0 indicates normal conditions and higher ratios indicate greater disruption. In terms of this index, restoration strategy B performs no worse than the actual case (despite reopening fewer links), whereas restoration strategy C performs notably better.
In table 1, the performance in terms of the population that would be better off under each scenario is also compared. Of the 170 census blocks, only 15% would not see rail accessibility improve under restoration strategies B or C. Some 22% would do best under strategy B, whereas a sizable majority (63%) would do best under strategy C. Similarly, 68% of the population of Kobe would be better off in the case of strategy C. Clearly, transport accessibility following the disaster could have been significantly improved simply by reallocating existing repair resources with a view toward the functionality of the entire rail system. This is further explored in figure 5 (see over) through a comparison of the spatial dimension of transport accessibility in the actual case compared with restoration strategy C. Census blocks with darker shadings suffer greater loss of rail transport accessibility, relatively speaking, than do lighter shaded areas. A comparison of the two scenarios (again in the one month time frame) shows that, spatially, restoration strategy C benefits much of the densely populated urban corridor along the coast, as well as some of the interior areas. The tradeoff is that much of the eastern coastal area of the city does not benefit from restoration strategy C.
Discussion
The Kobe case study has shown that accessibility can be used as a transportation performance measure in a postdisaster situation and that such an application provides several advantages. It allows the analyst, planner, or policymaker to make decisions about repair and restoration from the point of view of overall system performance or in terms of how well the entire system is serving the affected population. This is in contrast to traditional engineering approaches where such decisions are generally made on a structure-by-structure or link-by-link basis, taking into account only those damage conditions at that particular structure or link.
A systems perspective also provides insight into how transportation loss is distributed across the urban space. Thus, an accessibility approach could be used to implement different urban policies, such as giving priority to areas that have the highest population or that have suffered the greatest loss of transport. In Kobe it has been observed that overall social and economic recovery in the`inner-city' wards (Nagata, Hyogo, and Nada) lagged behind that of other areas of the city, creating marked spatial disparities in disaster recovery that continued for years after the earthquake (see Chang, 2001 ). Disparities in transport service no doubt contributed to this outcome. It is possible that a transportation restoration strategy such as alternative C could have reduced such spatial disparities, as well as speeding up the overall recovery in the City.
The approach used in the Kobe case study does suffer, however, from some practical as well as methodological limitations. Practically speaking, in actual postdisaster situations, haphazard restoration such as actually seen in Kobe is typical because no single entity has oversight over the entire transport system. This is especially true in the case of railways, but less so in the case of road transport. Although the traveler may view the railway network as a single mode, the various railway lines are owned and operated by several different public and private entities. These various railway owners compete with each other. Thus Hanshin Railways may be keen to be the first to restore a Kobe^Osaka connection and be reluctant to divert manpower to help JR Railways. (However, it is also possible that it may be more willing than usual to cooperate in a disaster situation, when the normal rules of competition do not necessarily apply). As no single entity has oversight over the entire network, the strategic coordination of restoration would potentially require the various railway owners to engage in predisaster planning, policy-setting, and mutual aid agreementsöperhaps through the leadership of public entities with a mandate to promote the public good. Methodologically, an important limitation is that the accessibility measure D is a distance-based index. The effects of disaster-related damage are approximated through an arbitrarily set effective distance multiplier that is intended to reflect increased travel times. This approach overlooks many factors that may influence actual changes in travel timesöfactors such as congestion and passenger queuing, changes in the number of trains per hour, the actual alternatives available to travelers at different damage locations (including changes to transport modes), and so on. Ideally, a postdisaster accessibility measure should be based on a model of travel time changes in the damaged network. Such an approach is explored in the next case study, focused on road transportation in Seattle.
Seattle case study 4.1 Background
Although the Kobe earthquake was an unprecedentedly catastrophic event, it poses many lessons and warnings for other seismically vulnerable, modern urban areas. For the Seattle metropolitan region, parallels abound. Earthquake awareness and preparedness were relatively low in Kobe, compared with Tokyo, despite a known seismic hazard. Seattle, an area of moderate seismicity, is similarly ill prepared in comparison with California. Urban form also rendered Kobe especially vulnerable to disaster; Seattle similarly consists of a narrow, densely built up urban corridor served by a highly nonredundant transportation system (see figure 6, over).
Seattle has not yet experienced the type of major earthquake disaster that the local seismicity is capable of producing. In recent memory, moderate earthquakes shook the region in 1949, 1965, and, most recently, in 2001 (the Nisqually earthquake). The 2001 event had a moment magnitude of 6.8; however, surface ground motions were relatively minor because of the great depth of the epicenter (59 km; see EERI, 2001) .
Although the earthquake did not really test the region's transportation infrastructure, the disruption patterns that occurred are noteworthy. First, scattered highway closures occurred over a very broad area, as far away as Interstate 5 (I-5) at Chehalis (110 km south-southwest of Seattle) to State Route 202 at Snoqualmie Falls (40 km east of Seattle), the latter as a result of landslide. Second, although no highway bridges actually collapsed, numerous structures were damaged, and one`came within an inch' of collapse. Third, two local bridges sustained sufficient damage to close them for several months, causing major traffic problems for surrounding neighborhoods. Fourth, there has been substantial traffic disruption related to the unretrofitted (see below), double-decker Alaskan Way Viaduct (State Route 99 through Seattle), which was closed intermittently for inspections and repairs over the course of several months and which is now slated for demolition.
These observations suggest that the transportation system in the Seattle region is highly vulnerable to future earthquakes. It is worth noting that the vast majority of highway bridges in the region were built prior to the early 1980s, when Washington State Department of Transportation (WSDOT) began instituting seismic design requirements. Although WSDOT has been conducting an earthquake retrofit program, progress lags far behind that in urban areas in California.
Methodological approach
In the Seattle case study, the potential transportation impact of a hypothetical earthquake event is evaluated and, as in the Kobe example, the way in which transportation planning could reduce losses is considered. The focus is on the regional road and highway network in the four-county study region (King, Snohomish, Pierce, and Kitsap counties), shown in figure 6 .
The methodological approach improves upon that of the Kobe case in several ways. Most importantly, it measures accessibility loss in terms of changes to modeled travel times rather than in terms of approximated travel distances. Although many accessibility studies are based on travel distances, travel time is a more appropriate measure for evaluating the effects of sudden network changes such as those that result from disasters. In this case, many travelers may change short-term behavior, and network congestion becomes an important issue. Travel time is also more relevant in the case of road transport than it is for passenger rail. This is because, whereas rail travel times are scheduled and are generally consistent, road travel times are much more variable. A second improvement consists of incorporating distance-decay effects. Last, a very detailed network is used that allows modeling of realistic detouring of traffic (for example, around damaged elevated highways onto surface streets). This is important because the relative sparseness of the Seattle region's arterial road network, compared with the network of a city such as Los Angeles, would compound transportation disruption in a disaster (Blain, 2001 ). The modified accessibility index A for spatial unit s, A s , can be expressed as follows:
where a sY t is the raw accessibility score of area s at time t after the earthquake, and a Ã s the raw accessibility score on the undamaged network. The raw accessibility scores are evaluated as:
where w r are weights for destination areas r, d rsY t is some measure of spatial impedance (for example, distance or travel time) between areas r and s at time t, and g is a distance-decay parameter. Similarly,
where d Ã rs is the distance or travel time on the intact network between r and s. Thus the index A s can theoretically range from close to 0 (in cases of severe damage) to 1 (no damage). Note that, because of definitional differences, even though measures D and A both range from 0 to 1, there is not a linear correspondence between them.
To implement this approach, predisaster and postdisaster intraregional travel times were evaluated by using a 1998 Seattle metropolitan area traffic model provided by the Puget Sound Regional Council (PSRC), the metropolitan planning organization for the Seattle region. The study network includes all highways and arterial roads in the four-county study region. It consists of 6187 nodes and 16 769 links. Link attributes include road capacity and uncongested travel time. The small area units are traffic analysis zones (TAZs), as defined by the PSRC for traffic modeling purposes. Some national census data are available by TAZ. The region includes 832 TAZs, with the average population per TAZ being 3300. The PSRC model contains baseline data on travel times between TAZs (d Ã rs ) from calibrated traffic modeling, as well as baseline data on origin^destination flows between TAZs. Travel times are evaluated between TAZ centroid nodes on the network. A detailed view of the TAZs and network nodes and links in the central part of the city of Seattle is given in figure 7 (see over). In this figure, TAZ centroid nodes are shown, but the centroid connector links (surrogates for local access) are omitted, so that only those links representing actual roads are indicated.
The PSRC model is a four-step transportation model that includes trip generation, trip distribution, mode choice, and network assignment. In the present analysis, disaster impacts are limited to the last stepötrip assignment. Accessibility loss results are, in other words, based on the assumption that origin^destination flows remain constant between the predisaster and postdisaster situations. What does change is the network itself, as damaged links are removed and repaired links are returned to the modeled network. Travelers must change routes in response to the damage and congestion. The PSRC model indicates how travel times change as a result.
In addition to travel times, d, implementation of equations (8) and (9) requires information on destination weights and distance decay. Weights w were represented by the number of jobs located in each TAZ. A distance-decay factor of g 0X35 was used, with reference to Cervero et al's (1999) study of commuting in the San Francisco Bay Area.
Earthquake scenario
A hypothetical earthquake was developed for the purposes of this analysis. In contrast to the Nisqually event, this scenario is posited as a shallow magnitude 6.5 earthquake occurring on the Seattle Fault. Such an event is estimated to have a recurrence period of 500^1000 years. The Seattle Fault has particularly deadly potential, as it traverses some of the most densely urbanized parts of the region. Paleoseismic evidence indicates that an earthquake of magnitude 7 or more occurred on this structure about 1000 years ago.
The scenario developed here focuses on potential bridge damage on interstate and state highways. Bridges have been shown repeatedly to be the most vulnerable elements of such systems in previous disasters. Even though there is a high likelihood that local bridges would also fail, this was ignored in order to simplify the analysis. There are 1137 state and interstate highway bridges in the four-county study region. Estimates of bridge damage were based in part on a recent pilot study of highway seismic vulnerability that estimated bridge failure probabilities for the transportation corridor, with use of HAZUS TM , the earthquake loss estimation software tool of the Federal Emergency Management Agency (FEMA). Unfortunately, that study was limited in scope to the highway corridor extending from the Port of Seattle south to the Port of Tacoma (Ballantyne et al, 2002) . For present purposes, it was necessary to extend the scenario to the remainder of the study network in a consistent manner. Damage results from the port-to-port study were used to develop approximate damage algorithms (table 2) based on three bridge characteristics: distance from the fault, soil condition, and construction vintage. Distance from fault is indicated by dividing the region into three zones (5 miles or less, 5^20 miles, more than 20 miles from fault). Soil condition reflects whether or not the bridge is located in an area of liquefaction potential. Liquefaction is a very damaging phenomenon whereby seismic ground motions turn soil temporarily into a liquid state. Construction vintage is important because newer bridges have been designed to higher levels of seismic resistance.
To determine bridge failure deterministically, a Monte Carlo type simulation approach was used, generating a random number for each bridge and comparing it with the assigned failure probability. In the scenario, a total of 106 bridges would be closed because of damage (including those in the port-to-port corridor). From figure 8 (see over) it can be seen that bridge failures would extend over a wide area but would be concentrated in the I-5 and I-405 corridor around Lake Washington. These bridge damage locations were then translated into closures of the corresponding links on the highway network.
Travel times and accessibility loss were evaluated for three postdisaster damage conditions: the immediate postearthquake situation and two partial restoration states. Restoration states A and B are posited to reflect two alternative conditions at some time t 1 after the earthquake. In restoration state A, it is assumed that repairs will proceed from the least damaged areas to the most severely damaged areas. This approach, generally speaking, was implemented by highway authorities in the Kobe earthquake and is a reasonable assumption for situations of extensive network damage. At time t 1 , it is assumed that all bridges more than 5 miles (approximately 8 km) from the Seattle Fault have been repaired. This means that 86 of the 106 damaged bridges will have been reopened. Restoration state B adopts a different strategy, reflecting a systems approach that emphasizes route connectivity. Here, at time t 1 , all bridges along I-5 will have been repaired. This means that only 33 of the damaged bridges will have Note: Zone 1, 4 5 miles from fault; zone 2, 5 ± 20 miles from fault; zone 3, b20 miles from fault.
been reopened, but that north^south connectivity will have been restored through downtown Seattle. It is assumed that the repair of bridges in the heavily damaged area will require more resources (for example, workers and equipment) than will those in the least-damaged areas, so that restoration strategies A and B may entail a similar scale of repair effort.
Results
In figure 9 the accessibility index A s is mapped by TAZ for the situation immediately after the earthquake. Note that because of the nonlinear nature of the index, a value of A s 0X95 should not be interpreted as a 5% loss of accessibility. Rather, the index should be used as a comparative measure for looking at effects across space, time, or scenarios. In the immediate postdisaster situation, the greatest losses of accessibility would be experienced by communities on the east side of Lake Washington (for example, the city of Bellevue) and in northern Snohomish County (for example, the city of Everett). In the case of the east-side communities, one key factor is that their access to downtown Seattle depends heavily on two bridges crossing the lake, both of which would suffer damage to access ramps in the scenarios examined. In addition, two of the rural TAZs would be disconnected from the network. Areas to the south would fare relatively well.
In table 3 (see over) I provide a statistical comparison of accessibility loss in the immediate postearthquake case and for restoration scenarios A and B at time t 1 . Both restoration strategies improve overall accessibility to similar levels, as measured by the unweighted average index value over all TAZs. However, restoration strategy B achieves this by reopening only 33 of the damaged bridges, in contrast to 86 reopened in restoration strategy A. Moreover, from an equity standpoint, a substantially greater share of the populationö1.9 million people, or 69%östand to gain more from restoration strategy B compared with restoration strategy A. There are, of course, trade-offs between the two strategies. In figure 10 (see over) accessibility across the region for the two restorations is compared, showing the spatial pattern of winners and losers for each case. By giving priority to I-5, restoration strategy B clearly benefits Seattle city residents the most, at the expense of the smaller populations in Kitsap county.
Discussion
In the Seattle case study a refined accessibility measure was developed and applied to a hypothetical disaster. As in the Kobe case, it has been shown that measuring accessibility loss can allow the planner to view the transportation disruption from a systems point of view, understand its spatial implications, and strategically develop restoration priorities that maximally benefit the region's population. Methodologically, by using travel times rather than distances for a refined accessibility measure, the planner is able to account for the detouring and congestion effects that are particularly important in evaluating effects on urban road transportation. The refined accessibility measure is, however, subject to a number of limitations. From a modeling standpoint, questions can be raised about the accuracy of the traveltime predictions associated with the postdisaster analyses. The PSRC model, like most transportation models, is intended for use in long-range forecasting and transportation planning (Blain, personal communication, 10 March 2002) . (1) It was not designed to simulate the effects of short-term disruptions such as road accidents or even earthquake damage so that, although it does model congestion and detouring, it does not model effects such as traffic backup (queuing) or nonoptimal driver behavior arising from lack of information (for example, about alternative routes around problem areas). This means that, generally speaking, the travel-time estimates are much lower than those likely to occur in the aftermath of an actual disaster, particularly in the initial days of confusion and adjustment.
From a conceptual standpoint, the analysis is also limited in that I have considered only how travel times are affected by changes in drivers' route choices. In reality, travelers are likely to exhibit other kinds of behavioral changes such as altering destination, mode, or the time of day for travel. Such effects can be taken into account, in principle, by transportation models such as the PSRC model. Unfortunately, there exists very little empirical evidence on such behavioral changes in actual disasters. Moreover, in severe events, some of the opportunities available at the various destinations (for example, jobs) may themselves have been lost as a result of the disaster. The analysis is limited to transportation disruption and neglects the effects of other types of earthquake impacts such as damage to homes, businesses, utility lifelines, and so on.
From a practical standpoint, measurement of accessibility on a travel time basis requires the use of a transportation model for the urban area. Even if such a model were available in the aftermath of a disaster, it may be too cumbersome or time consuming to adapt for analysis of restoration priorities. The travel-time-based approach may be most beneficial for analyzing and planning for hypothetical scenarios of future events, whereas distance-based measures may be more appropriate in time-critical situations such as after an actual disaster. Moreover, accessibility is only one of many possible measures of transportation impacts and should be considered in conjunction with other priorities that decisionmakers may have to face. In the preceding analysis I have suggested a number of areas for further research. As noted, we need to understand and model travel demand patterns to reflect postdisaster behavior better. A refined model would account for postdisaster changes in origin^destination flows, mode choice, and destination opportunities; moreover, it would incorporate the significant travel time delays due to traffic queuing. The specification of destination weights should be reconsidered to reflect not only potential changes in destination opportunities arising from the disaster but also other types of opportunities in addition to jobs (for example, shopping, emergency services) that are important to people's welfare. Further research is needed into the technical and resource constraints on transportation repair and restoration in actual disaster situations. This will enable the development of more realistic restoration alternatives for assessment. In planning for future disasters, many scenarios should be evaluated and the inherent uncertainties regarding the occurrence of events and their impacts should be introduced probabilistically.
Conclusions
The case-study applications in this paper demonstrate how social criteria such as equity can be integrated into urban transportation planning for disasters. The approach here, in which I compare alternative restoration strategies in terms of their effects on the population's transportation accessibility, is only one of many that could support a faster, more equitable, and more strategic recovery from urban disasters. Accessibility is one of many dimensions of societal impact and social equity. It complements other approaches, such as engineering or economic efficiency, by placing emphasis on measuring how well the transportation system serves the regional population. This integrated approach to infrastructure and population can allow planners and decisionmakers to resolve transportation problems from a societal rather than a purely technical or operational perspective.
The methodology developed in this paper can be readily applied by transportation agencies for disaster preparedness and mitigation planning. The data required öinclud-ing GIS, population, employment, and network informationöare commonly used in planning agencies. The analytical algorithms can easily be programmed into computer codes (as in the Kobe case) or by adapting the planning agency's existing transportation model (as in the Seattle case).
Although the case studies in this paper pertained to postdisaster repair and restoration strategies, the general approach is applicable to a broader range of problems. In addition to being used to prioritize repairs, the methodology can be used in a disaster to identify neighborhoods in greatest need of transportation assistance (for example, the provision of temporary shuttle buses). The accessibility indices can also be used to prioritize preventive or mitigation actions before a disaster occurs, such as the seismic retrofit of bridges. Agency budgets generally do not permit the retrofit of all vulnerable structures to high levels of resistance. Prioritizing retrofits on the basis of their importance to the transport systemömeasured, for instance, by how their loss impacts regional accessibility öis sensible. Finally, the methodology in this paper can also be adapted to nondisaster problems that involve changes to the transport network. Examples could include evaluating the effects of a proposed new highway or new commuter railway line. In such cases, too, an integrated approach is important for evaluating how well the transportation system serves society.
